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Abstract

Carbon fibre reinforced epoxy (CFRP/epoxy) laminates are promising candidates for
hydrokinetic turbine blades owing to their high specific stiffness, strength, corrosion resistance,
and design flexibility. This study systematically investigates the concentration-dependent
influence of SiO, nanoparticles incorporated into the epoxy phase of a ten-ply plain-woven
CFRP laminate at concentrations of 0—4 wt%. Six formulations (C0, C0.5, C1, C2, C3, and C4)
were fabricated using ultrasonic nanoparticle dispersion followed by vacuum-assisted resin
infusion. Physical characteristics, microstructural features, elemental composition, chemical
structure, mechanical properties, thermo-mechanical behaviour, fatigue resistance, and
representative blade-level structural response were evaluated. Tensile, flexural, and interlaminar
shear properties were determined according to ASTM D3039/D3039M, ASTM D790, and
ASTM D2344/D2344M, respectively, while SEM/EDS, FTIR, XRD, DMA, DSC, TGA, and
coefficient of thermal expansion measurements were employed for comprehensive
characterization. The optimum performance was obtained at 2 wt% SiO, (C2), with tensile
strength, flexural strength, and interlaminar shear strength increasing from 612 to 674 MPa, 748
to 835 MPa, and 46.2 to 54.3 MPa, respectively. The DMA glass-transition temperature
increased from 108.4 to 116.8 °C, while storage modulus at 80 °C increased from 34.5 to 42.8
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GPa. The 5% mass-loss temperature increased from 342 to 353 °C, and fatigue life at 0.65 UTS
increased from 74,000 to 142,000 cycles. Higher nanoparticle concentrations diminished these
improvements, attributed to particle clustering and matrix heterogeneity. Blade-level analysis
further indicated reduced root-region stress and tip deflection for C2. Overall, 2 wt% SiO,
provides a favourable material formulation for lightweight hydrokinetic turbine blade

applications.

Keywords: CFRP/epoxy; SiO> nanoparticles; mechanical properties; interlaminar shear strength;

DMA; DSC; TGA; fatigue; SEM; EDS; hydrokinetic turbine blade.

1. Introduction

Hydrokinetic turbines extract useful energy directly from moving water and therefore operate
under a combination of hydrodynamic loading, cyclic bending, vibration and repeated changes in
local flow conditions. Unlike many terrestrial structures, the turbine blade is simultaneously a
fluid dynamic surface and a load bearing composite structure. Material stiffness affects the
ability of the blade to preserve its intended hydrofoil geometry, while strength, interlaminar
resistance and fatigue behaviour govern structural reliability. Recent assessments of hydrokinetic
blade materials emphasize the need to balance specific mechanical performance, environmental
resistance, manufacturability and life-cycle considerations [1,2].

Fibre reinforced polymer composites are attractive in this setting because the reinforcement
architecture can be tailored to carry loads along preferred directions without the mass penalty
associated with many metallic blade materials. Carbon fibres provide high tensile stiffness and
strength at relatively low density, while epoxy provides fibre wetting, load transfer and matrix
protection. However, the anisotropy of laminated CFRP means that a high fibre-direction tensile
strength does not by itself guarantee resistance to matrix cracking, interlaminar shear failure or
fatigue damage. For turbine blades, these matrix- and interface-dominated responses can become
decisive when cyclic bending and local stress concentrations occur near roots, thickness
transitions and bonded regions [1-4].

The epoxy matrix is therefore an important target for material modification. The matrix controls

load transfer between adjacent carbon-fibre bundles, contributes to interlaminar shear strength
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and governs a large part of the viscoelastic response. Matrix stiffness decreases as temperature
approaches the glass transition region, and the resulting reduction in structural rigidity can
influence blade deformation. Consequently, a useful modification strategy should improve both
room temperature mechanical properties and the thermo mechanical stability of the cured
polymer network.

Nanoscale inorganic fillers have emerged as a practical route for modifying epoxy matrices. SiO:
is particularly attractive because it is thermally stable, chemically relatively inert and capable of
interacting with the surrounding polymer network through its high specific surface area.
Published nanosilica/epoxy studies generally report a non-monotonic concentration effect: low-
to-moderate additions can increase stiffness, strength and fracture resistance, whereas excessive
loading can promote particle agglomeration, viscosity growth, incomplete wetting and local
stress concentration [5—10]. The optimum concentration is therefore not universal and must be
established for a particular resin, fibre architecture and processing route. (Fig. 13)

The underlying reinforcement mechanisms are commonly associated with restriction of polymer-
chain mobility, increased interphase constraint, crack deflection and crack branching. At
sufficiently low concentrations, well-dispersed nanoparticles provide a large interfacial area
through which stress can be redistributed. At higher concentrations, however, the same high
surface area can become detrimental if particles cluster. Such clusters create heterogeneous
regions and may behave as preferential sites for crack initiation. These competing mechanisms
explain the rise-and-fall response often observed in tensile, flexural and interlaminar properties
[7-11].

Although nanosilica modification has been widely investigated in neat epoxy and in selected
fibre-reinforced systems, fewer studies connect the concentration-dependent material response to
a hydrokinetic blade context using a coordinated mechanical and thermo-mechanical
programme. In particular, the combination of tensile strength, flexural strength, ILSS, DMA,
DSC, TGA, thermal expansion, fatigue and fracture morphology provides a more complete basis
for selecting a blade material than any single property alone. This is especially important because
the formulation that maximizes tensile strength may not necessarily maximize interlaminar
resistance or thermal stability.

The present work therefore focuses specifically on the dry-state mechanical and thermo-

mechanical response of woven CFRP/epoxy laminates modified with 04 wt% SiO:
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nanoparticles. The study deliberately separates these questions from hydrothermal durability,
which is addressed in a companion paper. The central hypothesis is that an intermediate SiO-
concentration will produce the best balance between dispersion and matrix/interphase
reinforcement, while higher concentrations will progressively lose effectiveness because of
clustering and processing-induced heterogeneity. The objectives are, Fabricate woven
CFRP/epoxy laminates containing 0, 0.5, 1, 2, 3 and 4 wt% SiO: under controlled processing
conditions, Quantify density, fibre volume fraction and void content to establish laminate
quality, Correlate SEM/EDS, FTIR and XRD observations with concentration dependent
mechanical behavior, Determine tensile, flexural and interlaminar shear properties and identify
the optimum formulation, Evaluate Tg, storage modulus, damping, DSC transition, TGA
degradation characteristics and thermal expansion, Assess tension—tension fatigue response of
the reference and optimum formulations, Demonstrate the structural relevance of the optimized
material through a representative hydrokinetic blade finite-element assessment.

The principal contribution is the identification of a single formulation 2 wt% SiO> that
consistently maximizes the combined mechanical and thermo-mechanical response within the
investigated composition range. Rather than treating nanoparticle reinforcement as a monotonic
filler effect, the study links laminate quality, fracture morphology, interlaminar performance,
viscoelastic response and cyclic damage resistance to the same concentration-dependent
mechanism. This integrated approach provides a defensible materials-selection framework for
hydrokinetic blade structures and establishes the dry-state baseline required for the companion

hydrothermal-durability investigation. (Figure 1)

SiO,-modified CFRP/epoxy: composition — structure — performance

1. Composition 2. Processing 3. Optimized 4. Mechanical Gain 5. Thermo—n}edlanical 6. Blade Relevance
Structure Behaviour
o 04 wt% SiO, e Ultrasonic dispersion e 2 wt% optimum e Tensile +10.1% e Tg+8.4°C o Higher stiffness
o Six formulations [Wp{ +VARTM ™« Low voids ™ o Flexural +11.6% [™Pe E’(80°C)+24.1% [®| o Lower predicted
(CO-C4) * 10-ply woven CFRP (1.68%) o ILSS +17.5% e CTE-7.3% deflection
e =~2.0mm

Figure 1. Graphical representation of the study design and principal outcomes.
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2. Materials and Experimental Methods

2.1 Constituent materials

A plain woven carbon fibre fabric was used as the primary reinforcement. The area density was
200 g/m?, with an average fibre diameter of approximately 7 pum and a fibre density of
approximately 1.78 g/cm?. The balanced woven architecture provided approximately equal warp
and weft reinforcement and was maintained for every formulation.

A DGEBA based epoxy resin was used as the matrix with an amine based curing agent. The
resin density was approximately 1.10-1.15 g/cm?® and the viscosity approximately 800—1200
mPa-s at 25 °C. Resin and hardener were mixed at a 100:30 weight ratio. Commercial SiO-
nanoparticles with an average particle size of approximately 30 nm, purity above 99% and
density of approximately 2.20 g/cm?® were used as the secondary reinforcement. Table 1 shows
Formulation and specifications of CFRP—SiO2 composite laminates.

Table 1. Formulation and specifications of CFRP—SiO> composite laminates.

Formulation | SiO2 (wt%) Fibre architecture Thickness
Co 0 10-ply plain woven, 0°/90° 2.0£0.1 mm
C0.5 0.5 10-ply plain woven, 0°/90° 2.0+ 0.1 mm
Cl1 1 10-ply plain woven, 0°/90° 2.0+£0.1 mm
C2 2 10-ply plain woven, 0°/90° 2.0+ 0.1 mm
C3 3 10-ply plain woven, 0°/90° 2.0+£0.1 mm
C4 4 10-ply plain woven, 0°/90° 2.0+£0.1 mm

The concentration was calculated relative to the epoxy resin system. CO was used as the
unmodified reference, while C0.5-C4 represented increasing nanosilica contents. The selected
range was intentionally broad enough to capture both the reinforcement dominated and
agglomeration dominated regimes.

2.2 Nanoparticle dispersion

S10, powder was dried at 80 °C for 2 h and cooled in a desiccator before use. For each 100 g of
epoxy resin, 0.5, 1, 2, 3 or 4 g of nanoparticles were incorporated. The particles were gradually
added during mechanical stirring at 1000 rpm for 20 min. The suspension was then
ultrasonicated at 20 kHz for 30 min using 60% amplitude and a pulsed 5 s ON/3 s OFF cycle.
Resin temperature was maintained below 40 °C during sonication. The modified resin was

vacuum-degassed at approximately —0.08 MPa for 10 min before cooling to approximately 25
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°C. The hardener was subsequently added and mixed at approximately 500 rpm for 5 min. SiO,
concentration was defined on the epoxy-resin basis: w_SiO> = 100m_SiO2/m_epoxy. With the
fixed resin:hardener ratio of 100:30, the final cured-system fraction is w* Si02 =
100m_SiO2/(m_epoxy+m_hardener+m_SiO2); thus nominal 2 wt% on the epoxy basis
corresponds to approximately 1.515 wt% of the final resin+hardener+SiO, mass.

2.3 Laminate fabrication by VARTM

Ten plies of 300 mm x 300 mm plain woven carbon fabric were arranged as a balanced 0°/90°
woven architecture, with warp and weft aligned to the global material axes 1 and 2. A cleaned
glass mould was coated with release agent, followed by the carbon-fibre stack, peel ply and flow
medium. The assembly was enclosed with vacuum-bagging film and sealed around the
perimeter. A vacuum of approximately —0.09 MPa was established before resin introduction.
Infusion was continued until the preform was completely wetted, after which vacuum
consolidation was maintained for approximately 30 min.

The infused panels were cured at 25 °C for 24 h under vacuum and post-cured at 80 °C for 2 h.
The resulting panels had a nominal thickness of 2.0 £ 0.1 mm. Visual inspection was conducted
before specimen machining. The reported void content varied from 1.68 to 2.40%, indicating

comparatively consistent consolidation. (Figure 2)

(a) SiO, nanoparticles (b) Addition of SiO, to (¢) Mechanical mixing (d) Ultrasonication-assisted (e) Homogeneous SiO,-
(04 wt%) epoxy resin (800 rpm, 30 min) dispersion (20 kHz, 30 min) modified epoxy resin

(f) Woven carbon fibre fabric (g) Lay-up (10 plies, (h) Vacuum-assisted resin infusion (i) Finished SiO,-modified
(plain weave) 0°/90°);0 (VARTM) CFRP/epoxy laminate

Figure 2. Fabrication sequence of SiO» weighing, resin modification, mechanical mixing,

ultrasonication, fibre lay-up, vacuum infusion and finished CFRP/epoxy laminate.
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3. Characterization and Testing Procedures (Figure 3)

Mechanical and thermo-mechanical characterization programme
(" N\ ( R ( ) 'd
Tensile Flexural Short-beam ILSS DMA /DSC/TGA
. J . J . >, 8

Figure 3. Schematic overview of the mechanical and thermo-mechanical characterization
programme.

3.1 Physical characterization

Laminate density was determined by the mass to volume method using five specimens per
formulation. Fibre volume fraction and void content were estimated from laminate mass,
dimensions and constituent densities. Maintaining fibre volume fraction within a narrow range
was essential because the tensile and flexural response of CFRP is strongly controlled by
reinforcement content.

3.2 SEM and EDS

The fracture surfaces of the CFRP/epoxy laminates were examined using scanning electron
microscopy (SEM) to characterize fibre-matrix debonding, matrix cracking, fibre pull-out,
voids/cavities, fibre breakage and fracture-surface roughness. The supplied SEM images were
acquired at approximately 500x—2000x magnification. Because the nominal SiO: particle
diameter is approximately 30 nm, the available SEM magnification and image resolution do not
permit reliable direct identification or measurement of individual nanoparticles. Accordingly, the
micrographs are interpreted at the scale resolved by the images. Localized bright or particle-rich
regions are described as heterogeneous or Si-enriched regions only where supported by EDS

evidence; nanoparticle-scale agglomeration is not inferred from SEM morphology alone.
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FTIR measurements were considered over 4000-500 cm™ to identify epoxy-related functional
groups and the silica-associated Si—O—Si region. XRD measurements were considered over 20 =
5-80° using Cu-Ko radiation to evaluate the amorphous polymer/fibre structure and the
contribution of the inorganic silica phase [13—18].

3.4 Mechanical testing The mechanical and thermal characterization procedures followed
the applicable ASTM methods [19-24].

Tensile properties were evaluated in accordance with ASTM D3039/D3039M using a universal
testing machine equipped with a 100 kN load cell. The specimens had dimensions of 250 mm x
25 mm x 2.5 mm (length x width x thickness), with a 150 mm gauge length. Glass-fibre/epoxy
tabs, measuring 50 mm in length, 25 mm in width and 2.5 mm in thickness, were bonded to both
ends of the specimens. The specimens were tested with the fibres oriented at 0° to the loading
direction at a crosshead speed of 2 mm/min. Five specimens were tested for each formulation,
and the reported values represent the mean of the five measurements. Tensile strength was
calculated from the maximum applied load divided by the original cross-sectional area, while the
tensile modulus was determined from the initial linear portion of the stress—strain curve. Three-
point flexural testing was performed in accordance with ASTM D790. The specimens measured
127 mm x 12.7 mm x 4 mm (length x width X thickness), with a 64 mm support span,
corresponding to a span-to-thickness ratio of 16:1. The support and loading noses had a radius of
5 mm. Testing was conducted at a crosshead speed of 2 mm/min. Five specimens were tested for
each formulation. Flexural strength and flexural modulus were determined from the load—
deflection response. The flexural test was terminated when specimen fracture occurred or when
the outer-fibre strain reached 5%, whichever occurred first. Interlaminar shear strength (ILSS)
was determined using the short-beam method in accordance with ASTM D2344/D2344M. The
specimens measured 24 mm x § mm x 4 mm (length x width x thickness) and were tested using
a 16 mm support span, corresponding to a span-to-thickness ratio of 4:1. The support rollers had
a radius of 1.5 mm, while the loading nose had a radius of 3.2 mm. Five specimens were tested
for each formulation. ILSS was calculated from the maximum load using the standard short-
beam equation. The predominant failure mode observed during testing was interlaminar shear

failure accompanied by localized matrix cracking and fibre matrix debonding.
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3.5 Thermo-mechanical testing

DMA was performed in three-point bending mode from 30 to 150 °C at 3 °C/min and 1 Hz.
Storage modulus, loss factor and Tg were obtained from the temperature-dependent response,
with Tg defined at the maximum tan 8. DSC was conducted under nitrogen from 40 to 180 °C at
10 °C/min, using the midpoint of the glass-transition region. TGA was performed from
approximately 30 to 650 °C under nitrogen at 10 °C/min; the 5% mass-loss temperature was used
as the degradation onset and the derivative mass-loss maximum as the maximum degradation
temperature. The reported coefficient of thermal expansion was measured by thermomechanical
analysis from 30 to 100 °C. The DMA and thermogravimetric procedures were aligned with
ASTM E1640 and ASTM EI1131, respectively [23,24]. Tension—tension fatigue testing was
performed in accordance with ASTM D3479/D3479M using a servo-hydraulic universal testing
machine equipped with a 100 kN load cell. The fatigue specimens had dimensions of 250 mm x
25 mm % 2.5 mm (length x width x thickness), with a 150 mm gauge length and 50 mm long
glass-fibre/epoxy end tabs. The specimens were tested with the fibres oriented at 0° relative to
the loading direction. A stress ratio of R = 0.1 and a constant loading frequency of 5 Hz were
employed under sinusoidal cyclic loading. The maximum stress levels were selected as 85%,
75%, 65% and 55% of the corresponding unaged UTS. Five specimens were tested at each stress
level. Fatigue life, Nf, was defined as the number of cycles completed before complete specimen
fracture and loss of load-carrying capacity. Tests were terminated at a nominal run-out limit of 5
x 10° cycles when complete fracture did not occur. The fatigue comparison was made between
the reference CO and optimized C2 formulations [22].

Tension—tension fatigue testing was performed in accordance with ASTM D3479/D3479M using
a servo-hydraulic universal testing machine equipped with a 100 kN load cell. The fatigue
specimens had dimensions of 250 mm x 25 mm x 2.5 mm (length x width x thickness), with a
150 mm gauge length and 50 mm long glass-fibre/epoxy end tabs. The specimens were tested
with the fibres oriented at 0° relative to the loading direction. A stress ratio of R = 0.1 and a
constant loading frequency of 5 Hz were employed under sinusoidal cyclic loading. The
maximum stress levels were selected as 85%, 75%, 65% and 55% of the corresponding unaged
ultimate tensile strength (UTS) of each formulation. Five specimens were tested at each stress
level. Fatigue life, NfN f, was defined as the number of cycles completed before complete

specimen fracture and loss of load-carrying capacity. Tests were terminated at a nominal run-out
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limit of 5x 10”5 cycles when complete fracture did not occur. The fatigue results were used to
compare the cyclic durability of the reference formulation (C0) and the optimum formulation
(C2).

3.7 Statistical Analysis of Mechanical Properties (Table 2)

To compare the concentration-dependent mechanical response, the tensile strength, flexural
strength and ILSS results were expressed as mean + SD for five specimens per formulation.
Percentage changes relative to CO were calculated for each property. One-way ANOVA results
are reported for the formulation-level comparison, with a = 0.05. The statistical interpretation is
considered together with the measured scatter and the consistency of the physical, morphological
and thermo-mechanical results. (Table 2)

Table 2. One-way ANOVA results for the mechanical properties

Mechanical property | F-value [ p-value Statistical interpretation
Tensile strength 22.41 | 2.52x10® | Significant difference among formulations
Flexural strength 25.67 | 6.69 x 10 | Significant difference among formulations
ILSS 4420 | 2.46 x 107! | Significant difference among formulations

Page 10



The formulation-level analysis showed statistically significant differences among the six
compositions for tensile strength, flexural strength and ILSS. The C2 formulation coincided with
the maximum values of all three properties and the minimum measured void content. The
statistical results therefore support the concentration-dependent trend observed across the
independent mechanical measurements.

The individual mechanical results are reported as mean £ SD in the corresponding property
tables. The interpretation emphasizes the magnitude and consistency of the concentration-
dependent response rather than relying on a single statistical metric. This approach is supported
by the agreement among mechanical testing, fracture morphology and laminate-quality
measurements.

3.8 Blade-Level Structural Assessment

Following mechanical characterization, the C2 CFRP/epoxy formulation was incorporated into a
representative hydrokinetic turbine blade model. The blade had a span of 500 mm, a maximum
chord of 90 mm and a root chord of 110 mm. The blade root was constrained at the mounting
region. Hydrodynamic loading corresponding to water velocities from 1.0 to 3.0 m/s was applied
to the blade surfaces, and the resulting stress distribution and tip deformation were evaluated for
the CO and C2 material cases under equivalent loading.

The structural model used an orthotropic representation of the composite blade. The measured
tensile modulus and strength, together with the experimentally determined ILSS, were used as
the principal material-characterization inputs. The blade analysis was intended to establish the
material-to-structure relationship and to compare the structural response of CO and C2 under
identical geometry and loading conditions.

The blade response was assessed over 1.0-3.0 m/s, with particular attention to the blade-root
region where hydrodynamic loads are transferred to the mounting structure. The calculated stress
and deformation trends were compared between CO and C2 to determine the structural
consequence of the material modification.

The blade-level analysis was interpreted together with the experimentally determined tensile,
flexural, and ILSS properties of C2, thereby establishing a relationship between coupon-level
mechanical characterization and blade-level structural response. The finite element analysis was
used to demonstrate the structural behaviour of the selected composite under representative

hydrokinetic operating conditions.
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4. Results and Discussion

4.1 Laminate density, fibre volume fraction and void content (Table 3)

The density increased gradually from 1.565 g/cm?® for CO to 1.583 g/cm? for C4. This change is
consistent with the higher density of silica relative to the epoxy matrix. More importantly for
mechanical interpretation, the fibre volume fraction remained within a relatively narrow range,
from 51.1 to 52.2%, while void content decreased from 2.40% in CO to a minimum of 1.68% in

C2 before increasing to 2.28% in C4.

Table 3. Laminate density, fibre volume fraction and void content.

Sample SiO2 (wt%) | Density (g/cm?®) | Fibre volume (%) | Void content (%)
Co 0 1.565 51.1 2.40
C0.5 0.5 1.568 514 2.15
C1 1 1.571 51.8 1.92
C2 2 1.575 52.2 1.68
C3 3 1.579 52.0 1.82
C4 4 1.583 51.5 2.28

The minimum void content at C2 is significant because voids can reduce effective load-bearing
area and provide local stress concentration sites. The subsequent increase at C3—C4 is consistent
with increasing resin viscosity and reduced impregnation efficiency as nanoparticle content
increases. Thus, the physical characterization already indicates a processing optimum near 2
wt%.

4.2 SEM fracture morphology

The SEM micrographs show concentration-dependent changes in fracture morphology. The CO-
associated fracture surfaces contain relatively smooth matrix regions and localized fibre pull-out,
whereas intermediate formulations exhibit increasingly rough matrix fracture and stronger
evidence of fibre—matrix interaction. The C2-associated morphology is characterized by a
comparatively homogeneous fracture surface, fibre-rich regions and pronounced matrix
deformation. At the higher loading levels, localized clusters and cavities become more evident.

(Figure 4a) (Figure 4b) (Figure 4c) (Figure 4d)
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Figure 4a. SEM fracture morphology of specimen group T2 showing visible fibre-rich regions,

matrix fracture and pull-out/cavity features.
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Figure 4b. SEM fracture morphology of specimen group T9 showing visible rough-fracture

regions, fibre bundles and cavities/voids.
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Figure 4c. SEM fracture morphology of specimen group T11 showing visible fibre bundles,

fracture facets and cavities/voids.
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Figure 4d. SEM fracture morphology of specimen group T12 showing visible fibre-rich regions,

fracture facets and cavities/voids.

4.3 EDS evidence for SiO2 incorporation

Energy-dispersive X-ray spectroscopy (EDS) was performed on the matrix-rich region of the C2
CFRP/epoxy composite to verify the elemental composition and provide evidence of Si-
containing constituents. The EDS spectrum exhibited prominent signals corresponding to C and
O, arising primarily from the carbon fibres and epoxy matrix, together with a distinct Si signal,
confirming the presence of silicon in the analysed region. The originally reported atomic
percentages of 82.4% C, 18.1% O and 1.5% Si were normalized to a total of 100% for consistent
compositional reporting. The normalized composition was 80.78 at.% C, 17.75 at.% O and 1.47
at.% Si. The detection of Si in the analysed matrix-rich region provides elemental evidence for
the incorporation of the Si-containing phase in the C2 composite. The SEM—EDS observations,
together with the observed fracture morphology, support the presence and distribution of the Si-

containing modification within the composite matrix. (Table 4; Table 5; Figure 5)
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Figure 5. EDS spectrum for the C2 formulation supplied with the study. The Si and O signals

provide elemental evidence of silica incorporation.

Table 4. EDS elemental composition of the C2 matrix-rich region.

Element Weight (%) Atomic (%)
C 74.6 82.4
O 21.8 18.1
Si 3.6 1.5

Calculated from the weight percentages using atomic masses C=12.011, O=15.999 and

S1=28.085.

Table 5. Normalized EDS atomic composition of the C2 matrix-rich region.

Element Reported wt% Atomic % recalculated from reported wt%*
C 74.6 80.63
0) 21.8 17.70
Si 3.6 1.67
Total 100.0 100.00
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4.4 FTIR interpretation

The FTIR response was interpreted over the 4000-500 cm™ range. The broad O—H region near
3350 cm™', C—H stretching around 2925 cm™, carbonyl related absorption near 1720 cm™ and C—
O/C—O—C vibrations in the 1200-1000 cm™ region are associated with the polymer system. With
increasing silica content, the contribution near approximately 1085 cm™ is associated with Si—O—
Si vibrations. The absence of a new dominant organic functional-group family indicates that the
principal modification is physical/interfacial incorporation of silica into the cured epoxy rather
than formation of a new bulk organic phase.

4.5 XRD interpretation

The XRD patterns exhibit the broad amorphous contribution associated with the epoxy-rich
matrix and carbon-fibre composite structure, together with an increasing silica-related
contribution as SiO: content increases. The trend supports successful incorporation of the
inorganic phase. The diffraction evidence is complementary to EDS: EDS establishes the
elemental presence of Si, whereas XRD identifies the corresponding inorganic contribution at the
structural level.

4.6 Microstructure—processing relationship

Taken together, the physical and microscopic results support a concentration-dependent
mechanism. At 0.5-2 wt%, the nanoparticle phase can be distributed sufficiently to improve
matrix constraint without causing a major processing penalty. At 3 wt%, the first localized
clusters become apparent. At 4 wt%, the increase in void content and the appearance of larger
heterogeneous regions indicate that viscosity and agglomeration begin to offset the reinforcing
effect. This rise—fall behaviour is central to interpreting the mechanical and thermo-mechanical

results that follow. (Figure 6) (Figure 7)

Figure 6. Fabricated CFRP/epoxy laminate panel
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Figure 7. Fabricated composite hydrokinetic turbine blade.
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Figure 8. Tensile and flexural strength as a function of SiO> concentration; error bars represent

standard deviations.
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5. Mechanical Performance

5.1 Tensile behaviour

Tensile strength increased progressively from 612 MPa for CO to 674 MPa for C2, followed by a
reduction at C3 and C4. The tensile modulus followed the same overall trend, increasing from
61.8 to 66.1 GPa at C2. Elongation increased modestly from 1.02% to 1.10%. The 10.1%
increase in tensile strength and 7.0% increase in tensile modulus at C2 indicate that the
nanoparticle modification influenced both the matrix constraint and the efficiency of stress
transfer to the carbon-fibre architecture. (Figure 8; Figure 9; Table 6)

Table 6. Tensile properties of CFRP/epoxy laminates.

Sample | SiO2 (Wt%) | Tensile strength (MPa) | Tensile modulus (GPa) | Elongation (%)
Co 0 612+ 12 61.8 1.02
Co0.5 0.5 635+ 11 63.2 1.05
C1 1 651+ 10 64.5 1.07
C2 2 674+9 66.1 1.10
C3 3 663 + 10 65.4 1.08
C4 4 628 + 13 63.0 1.03
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Tensile Strength as a Function of SiO, Content
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Figure 9. Tensile strength versus SiO2 concentration; error bars represent the reported standard
deviations.

5.2 Flexural behaviour

Flexural strength increased from 748 MPa for CO to 835 MPa for C2, corresponding to an 11.6%
improvement. Flexural modulus increased from 45.2 to 50.1 GPa. Because three-point bending
introduces tensile, compressive and interlaminar stress components, the flexural response is more
sensitive to matrix and interface quality than a purely fibre-direction tensile measurement. The
concentration-dependent rise to C2 therefore reinforces the interpretation that nanosilica
improved matrix constraint and load transfer. (Figure 10; Table 7)

Table 7. Flexural properties of CFRP/epoxy laminates.

Sample | Flexural strength (MPa) | Flexural modulus (GPa)
Co 748 £ 15 45.2
C0.5 781 £ 14 47.0
C1 806 £ 13 48.3
C2 835+ 12 50.1
C3 822+ 14 494
C4 776 £ 17 46.7
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Figure 10. Flexural strength versus SiO: concentration; error bars represent the standard

deviations.

5.3 Interlaminar shear strength

ILSS increased from 46.2 MPa for CO to 54.3 MPa for C2, an improvement of 17.5%. The
magnitude of this increase is larger than the corresponding tensile-strength gain, indicating that
the nanoparticle modification was particularly effective in the matrix/interlaminar region. Since
short-beam ILSS is strongly influenced by fibre—matrix adhesion and matrix shear resistance, the

result provides important evidence that the improvement is not limited to fibre-dominated

1.5 2.0

25

SiO; content (wWt%)

properties. (Figure 11; Figure 12; Table 8)

Table 8. Interlaminar shear strength of CFRP/epoxy laminates.

Sample ILSS (MPa) | SD (MPa)
Co 46.2 1.1
C0.5 49.1 1.0
Cl 51.0 0.9
C2 543 0.8
C3 52.8 0.9
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5.4 Relative improvement and optimum composition (Table 9)

Using CO as the 100% reference, the maximum increases at C2 were 10.1% in tensile strength,
11.6% in flexural strength and 17.5% in ILSS. The particularly strong ILSS response is
consistent with the proposed matrix/interphase mechanism. C2 also coincides with the minimum
void content. The agreement among physical quality, fracture morphology and mechanical
properties provides a stronger basis for optimum selection than any individual maximum.

Table 9. Relative improvement of C2 compared with C0.

Property Co C2 Improvement
Tensile strength (MPa) | 612 674 +10.1%
Tensile modulus (GPa) | 61.8 66.1 +7.0%
Flexural strength (MPa) | 748 835 +11.6%
Flexural modulus (GPa) | 45.2 50.1 +10.8%

ILSS (MPa) 46.2 54.3 +17.5%
Void content (%) 2.40 1.68

5.5 Failure-mechanism interpretation

The fracture observations support a transition from relatively direct matrix cracking and
localized fibre pull-out in CO toward rougher, more tortuous fracture in the intermediate
formulations. A rougher fracture surface implies that crack propagation is forced to follow a less
direct path through the matrix/interphase. At C2, the combination of matrix deformation, fibre
bridging and improved fibre—matrix interaction is consistent with increased energy dissipation
during fracture. At 3—4 wt%, clustering and cavities introduce local weak regions that can
counteract crack deflection benefits. Thus, the optimum mechanical response can be understood

as a balance between nanoparticle-driven toughening and processing-induced heterogeneity.

6. Thermo-Mechanical Behaviour

6.1 DMA glass transition and viscoelastic response

DMA provides a direct measure of how nanoparticle incorporation changes the temperature-
dependent stiffness of the laminate. DMA response of the CFRP/epoxy laminates of different
samples are shown in Table 10. The reported Tg increased from 108.4 °C for CO to 116.8 °C for
C2, an increase of 8.4 °C. Storage modulus at 25 °C increased from 58.2 to 63.7 GPa, while the

Page 22



value at 80 °C increased from 34.5 to 42.8 GPa. The latter represents a 24.1% increase and is
especially important because it indicates improved stiffness retention as the matrix approaches its
transition region. (Figure 13) (Figure 14) (Figure 15)

Table 10. DMA response of the CFRP/epoxy laminates.

Sample | DMA Tg (°C) | E' at 25 °C (GPa) | E’ at 80 °C (GPa) tan omax
Co 108.4 58.2 34.5 0.612
C0.5 111.2 59.8 36.8 0.596
Cl 113.6 61.1 39.0 0.581
C2 116.8 63.7 42.8 0.552
C3 115.1 62.5 40.7 0.566
C4 110.2 60.1 35.9 0.603
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Figure 13. DMA-derived Tg versus SiO; concentration.
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Figure 15. DMA loss factor response based on tan 6 maxima and Tg positions.

6.2 Damping behaviour
The maximum tan 6 decreased from 0.612 for CO to 0.552 for C2. Lower damping at the
transition indicates reduced molecular mobility and stronger matrix constraint. The increase

again to 0.603 for C4 is consistent with the heterogeneous morphology observed at high
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nanoparticle content. The DMA response therefore follows the same optimum-loading trend
observed in static mechanical properties.

6.3 Differential scanning calorimetry

The DSC-derived Tg increased from 106.9 °C for CO to 114.9 °C for C2. The absolute DSC
values are slightly lower than the DMA values, as expected because the techniques define the
transition through different physical observables and time scales. The same direction of change
in both measurements is important: independent thermal methods identify C2 as the formulation
with the greatest matrix constraint.

6.4 Thermogravimetric stability

The 5% mass-loss temperature increased from 342 °C for CO to 353 °C for C2, while the
maximum degradation temperature increased from 389 to 399 °C. The improvement is consistent
with a barrier effect associated with the inorganic silica phase and reduced polymer-chain
mobility in the modified matrix. At high silica loading, the thermal benefit becomes smaller,
consistent with the loss of dispersion quality.

6.5 Coefficient of thermal expansion

The reported coefficient of thermal expansion decreased from 52.4 x 107¢/°C for CO to 48.6 x
1076/°C for C2. The reduction indicates that the rigid silica phase constrains thermal expansion of
the epoxy-rich regions. At C4, the value increased to 51.0 x 107%/°C, again demonstrating that

the benefit is not monotonic with filler content. (Figure 16) (Figure 17)
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Figure 17. Coefficient of thermal expansion at the concentrations.
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6.6 Integrated thermo-mechanical interpretation

The convergence of DMA, DSC, TGA and thermal-expansion measurements is stronger
evidence of a genuine matrix-level modification than a single thermal measurement would
provide. At C2, DMA Tg increased by 8.4 °C, DSC Tg increased by 8.0 °C, room-temperature
storage modulus increased by 9.5%, storage modulus at 80 °C increased by 24.1%, the TGA 5%
degradation onset increased by 11 °C, and CTE decreased by approximately 7.3%. These
changes are mutually consistent with restricted segmental motion, increased interphase constraint
and a more thermally stable polymer network.

The reduction in benefit at C3 and C4 is equally important. A rigid inorganic phase does not
automatically improve the composite when added in excess. Agglomeration produces
heterogeneous stiffness fields, increases resin viscosity during infusion and can reduce effective
crosslink efficiency around particle-rich regions. The thermo-mechanical results therefore
independently reproduce the same optimum composition identified by the mechanical tests and
SEM observations.

6.7 Implications for hydrokinetic blade service

For a hydrokinetic blade, the practical value of a higher Tg is the increased margin between the
service temperature and the matrix-softening region. The higher storage modulus at 80 °C is also
relevant to structural stability under elevated temperature, even though the present study is not a
hydrothermal ageing study. The lower CTE can reduce temperature-driven dimensional changes
in matrix-rich regions. These improvements are particularly useful when combined with the
higher flexural and interlaminar properties because a blade must maintain both load capacity and
geometric stability.

6.8 Comparison with published nanosilica mechanisms

The observed optimum near 2 wt% is consistent with the broader nanosilica literature, where
moderate concentrations frequently produce the best combination of matrix stiffness and fracture
resistance [7—12]. Studies of silica-modified epoxy systems attribute the improvement to
interphase formation, crack deflection and restriction of chain mobility, while high contents
promote agglomeration [8—10]. The present results extend that mechanism to a woven CFRP
laminate and show that the optimum composition is simultaneously reflected in tensile, flexural,
ILSS and thermo-mechanical responses. These observations are consistent with published studies

of silica-modified epoxy systems and CFRP interfaces [13—18].
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7. Fatigue Behaviour

Hydrokinetic turbine blades are subjected to repeated hydrodynamic forces and therefore require
resistance to progressive cyclic damage. The V1 fatigue dataset compares CO and C2 at four
maximume-stress levels. Because replicate-level failure cycles were not supplied, these are treated
as formulation-level reported points rather than statistically validated populations. The final SCI
version must insert individual Nf values, n, run-outs, failure modes and prediction intervals from
the original fatigue records. (Table 11; Figure 18; Figure 19)

Table 11. Tension—tension fatigue life of C0 and C2.

Maximum stress level CO Nf C2 Nf Increase
0.85 UTS 12,000 24,000 +100%
0.75 UTS 28,000 56,000 +100%
0.65 UTS 74,000 142,000 +91.9%
0.55 UTS 185,000 330,000 +78.4%
10°
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Figure 18. Tension—tension fatigue life of CO and C2 as a function of normalized maximum

stress.
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Figure 19. Basquin-type regression of the reported CO and C2 fatigue-life points.

7.1 Fatigue-life interpretation

C2 showed approximately twice the fatigue life of CO at the two highest investigated stress levels
and a 91.9% increase at 0.65 UTS. The improvement is consistent with the static ILSS and
flexural results: delaying matrix cracking and interfacial debonding can delay the transition from
distributed damage to unstable delamination and fibre fracture. At lower stress, the absolute
fatigue life increases for both formulations, while the relative benefit of C2 remains substantial.
7.2 Stiffness degradation

The reported stiffness-retention response at 0.65 UTS indicates a slower loss of laminate
stiffness for C2. Approximately 85% of the initial stiffness was retained by C2 at 3 x 10° cycles
in the supplied dataset. The damage progression can be interpreted in three stages: early matrix
microcracking and interface adjustment, a comparatively stable distributed-damage regime, and a
final accelerated-loss regime involving fibre fracture and delamination coalescence. C2 delays

the onset of the final regime.
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7.3 Limitations of the fatigue dataset

The fatigue values in the supplied manuscript are presented as the study dataset and should be
supported by the final machine-generated fatigue records, replicate-level scatter, S—N regression
and confidence intervals before journal submission. The present paper uses the reported values to
establish the formulation trend, not to claim a complete service-life model.

8. Blade-Level Structural Relevance

Following the coupon-level characterization, the selected C2 material was transferred to a
representative hydrokinetic turbine blade model. The blade geometry and loading basis are
summarized in Table 12, while Figure 20 illustrates the hydrodynamic-load transfer concept. The
structural analysis compares the CO and C2 material cases under equivalent representative

loading.

The optimized C2 formulation was transferred to a representative hydrokinetic blade model. The
blade span was 500 mm, maximum chord 90 mm and root chord 110 mm. For reproducibility,
the intended numerical chain is blade geometry — hydrodynamic pressure field — mapped
structural load — orthotropic laminate model — Hashin/Tsai—-Wu failure assessment.
Hydrodynamic pressure should be generated from validated CFD or measured pressure data
using p(x)=Cp(x)-0.5pV?, with p=998 kg/m?. A documented CFD baseline should state the
hydrofoil profile, chord/twist/pitch distribution, blade count, rotor radius, rotational speed/TSR,
turbulence model, boundary conditions and mesh-independence study. The V1 files did not
contain the CFD model or solver exports, so the original stress/deflection values remain reported
structural results rather than revalidated CFD-FEA outputs.
Table 12. Hydrokinetic blade geometry and loading parameters.

Parameter Value

Blade span 500 mm
Maximum chord 90 mm

Root chord 110 mm

Design flow range 0.8-3.0 m/s
Water density 998 kg/m?
Selected optimized material | C2 (2 wt% SiO2)
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SD7080 airfoil geometric parameters

Upper surface (suction side) Maximum thickness (t/c) : 8.0%

s Location of tmax (x/c)  : 30%
37 Maximum camber (c/c) : 2.0%
}' Location of camber (x/c) : 40%

SD7080

B
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Chord length, ¢ = 100 mm, tmax = 8.0 mm, camber =2.0 mm (SD7080)

Figure 20. Hydrodynamic-load transfer schematic for the composite blade structural model.

Table 13. Orthotropic material properties used in the blade structural model.

Property Co C2 Status
Reported tensile
E1 (GPa) 61.8 66.1
modulus
Estimated; transverse
E2 (GPa) 8.0 8.8 )
test required
E3 (GPa) 7.2 8.1 Estimated
v12/v13/v23 0.30/0.30/0.40 0.30/0.30/0.40 Estimated
G12/G13/G23
4.2/3.2/2.8 4.6/3.5/3.1 Estimated
(GPa)
Reported tensile
Xt (MPa) 612 674
strength
Estimated;
Xc (MPa) 430 475 compression test
required
Estimated; transverse
Yt/ Yc (MPa) 55/45 62/50 '
tests required
ILSS proxy; direct
S12 (MPa) 46.2 54.3
shear preferred

The final layered model requires El1, E2, E3, v12, v13, v23, G12, G13, G23 and measured

strength allowables. The following engineering estimates are included only to make the
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structural methodology reproducible in this draft and must be replaced by measured/coupon-
derived values before submission. (Table 13) Hashin-type fibre/matrix failure is recommended;
von Mises stress alone is not appropriate for anisotropic CFRP.

8.1a Orthotropic material model and failure criterion (Table 13)

Table 14. Mesh-convergence results for the blade structural model.

Elements Max stress (MPa) Tip displacement (mm) Astress
48,000 68.9 1.80 —
76,000 68.2 1.76
112,000 67.8 1.74
158,000 67.7 1.74

The following sequence is an illustrative convergence template because the original solver log
was not supplied. It must be replaced with actual element type, integration points, element
counts, stresses and displacements from the final model.

8.1b Mesh convergence (Table 14)

Table 15. Blade engineering parameters and analysis basis.

Parameter Value/status
Blade span 500 mm (reported)
Maximum chord 90 mm (reported)
Root chord 110 mm (reported)
Blade number Not reported in V1; enter from rotor record
Hydrofoil profile Not reported in V1; enter from CAD/CFD record

Twist/pitch distribution Not reported in V1; enter from CAD/CFD record

Rotor radius/diameter Not reported in V1; enter from rotor record

Rotational speed / TSR Not reported in V1; enter from operating condition

Water density 998 kg/m?

Flow range 0.8-3.0 m/s

Root attachment Fixed constraint at mounting region

Laminate 10-ply balanced plain-woven; warp/weft = axes 1/2
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8.1c Blade engineering basis (Table 15)

The reported physical data show density increasing from 1.565 to 1.583 g/cm?® and void content
reaching a minimum of 1.68% at C2. Void reduction should be regarded as a contributing
consolidation effect rather than the sole cause of the mechanical improvement.

The reported thermo-mechanical response also favours C2: DMA Tg increased from 108.4 to
116.8 °C, E'" at 80 °C from 34.5 to 42.8 GPa, TGA T5% from 342 to 353 °C, and CTE decreased
from 52.4 to 48.6 x 107¢ °C.

The reported fatigue points show a strong C2 advantage, including 142,000 versus 74,000 cycles
at 0.65 UTS. The Basquin fits to the four supplied points give R* > 0.995, but replicate-level
scatter and failure-mode records remain necessary for a service-life claim.

At blade level, the V1 model reported reductions from 76.4 to 67.8 MPa in maximum stress and
from 1.96 to 1.74 mm in tip deflection at 3.0 m/s. These results establish structural-material
relevance, not turbine power or efficiency improvement.

The optimum statement is deliberately limited: C2 exhibited the best overall performance within
the investigated concentration range.

8.2 Material-to-structure correlation

The blade results provide a useful final check on the material-selection logic. The increase in
tensile and flexural properties improves the load-bearing capacity of the laminate; the larger
ILSS improvement strengthens the matrix/interlaminar response; the higher Tg and storage
modulus improve stiffness retention with temperature; and the reduced CTE limits thermal
dimensional change. The structural model consequently predicts lower stress and deformation
when C2 is substituted for CO.

8.3 Practical significance

The reported results should not be interpreted as a complete turbine efficiency prediction. Blade
power is controlled by rotor geometry, flow velocity, tip-speed ratio, hydrodynamic loading,
surface finish and generator characteristics. The purpose of the present blade-level analysis is
narrower: to demonstrate that the experimentally selected material optimum remains

advantageous when transferred to a representative structural geometry.

Page 33



9. Integrated Discussion

9.1 Why 2 wt% SiQO: is the optimum

The optimum at C2 is supported by four independent evidence streams. First, the laminate has
the lowest reported void content (1.68%) and a fibre volume fraction of 52.2%. Second, the
fracture morphology is comparatively homogeneous and rough, indicating a more tortuous crack
path and stronger matrix—fibre interaction. Third, C2 maximizes tensile, flexural and ILSS
properties. Fourth, DMA, DSC, TGA and CTE all show their most favourable response at the
same composition. The agreement is unlikely to be explained by a single measurement artifact
and instead points to a genuine balance between dispersion, matrix constraint and processing
quality.

9.2 Mechanism of reinforcement

At moderate loading, nanosilica increases interfacial area, restricts local chain mobility and
redistributes matrix stresses. The fracture path can become more tortuous through crack
deflection and branching, while the modified matrix can improve stress transfer between woven
fibre bundles and across interlaminar regions. This is consistent with the larger reported ILSS
improvement (+17.5%) compared with tensile strength (+10.1%), because short-beam ILSS is
strongly matrix/interface dominated. At 3—4 wt%, viscosity, incomplete wetting, particle-rich
regions and voids can offset these benefits. The mechanism therefore supports an optimum
within the tested range rather than a universal optimum.

9.3 Why higher loadings become detrimental

The reduction in performance at 3—4 wt% is consistent with a change in dominant mechanism.
Once the available resin volume becomes crowded with nanoparticles, viscosity rises and
complete fibre impregnation becomes more difficult. Particle-rich regions can form
heterogeneous stiffness fields and act as stress concentrations. The increase in void content from
1.68% at C2 to 2.28% at C4 supports this processing interpretation. Therefore, the high intrinsic
stiffness of silica cannot compensate indefinitely for poor dispersion and defect formation.

9.4 Design implications

From a design perspective, the C2 material should be treated as a balanced material rather than
simply the strongest formulation. Hydrokinetic blades require a combination of stiffness,
interlaminar resistance, fatigue tolerance and dimensional stability. The C2 formulation increases

the room-temperature storage modulus by 9.5%, increases the 80 °C storage modulus by 24.1%,
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and reduces tip deflection by 11.2% in the reported blade model. These combined changes are

more meaningful for blade design than the tensile-strength increase alone.

10. Conclusions

Within the investigated SiO, concentration range of 0—4 wt%, the 2 wt% SiO, formulation (C2)
demonstrated the most favourable overall combination of mechanical, thermo-mechanical,
fatigue and structural performance. The C2 laminate achieved tensile strength, flexural strength
and interlaminar shear strength (ILSS) of 674, 835 and 54.3 MPa, respectively, representing
improvements of 10.1%, 11.6% and 17.5% over the unmodified CO laminate. The comparatively
higher improvement in ILSS indicates enhanced matrix-dominated and interfacial load-transfer
behaviour following nanosilica incorporation.

The C2 laminate exhibited a density of 1.575 g/cm?, fibre volume fraction of 52.2% and
minimum void content of 1.68%. The approximately 30% reduction in void content relative to
CO contributed to improved laminate consolidation and provided a favourable basis for the
enhanced mechanical performance. The tensile modulus increased from 61.8 to 66.1 GPa, while
the flexural strength increased from 748 to 835 MPa, demonstrating improved load-bearing
capability. The increase in ILSS from 46.2 to 54.3 MPa further confirms improved resistance to
interlaminar and matrix-dominated failure.

The thermo-mechanical results further demonstrated the beneficial effect of the C2 formulation.
DMA glass-transition temperature increased from 108.4 to 116.8 °C, while the storage modulus
increased from 58.2 to 63.7 GPa at room temperature and from 34.5 to 42.8 GPa at 80 °C. The
DSC glass-transition temperature increased from 106.9 to 114.9 °C, and the TGA 5% mass-loss
temperature increased from 342 to 353 °C. In addition, the coefficient of thermal expansion
decreased from 52.4 to 48.6 x 107¢/°C, indicating improved dimensional stability and thermal
resistance of the modified laminate.

The fatigue results demonstrated a substantial improvement in cyclic durability with C2. At 0.65
UTS, the fatigue life increased from 74,000 cycles for CO to 142,000 cycles for C2,
corresponding to an increase of approximately 92%. The improved fatigue resistance is
consistent with enhanced fibre matrix stress transfer, increased matrix constraint and greater

resistance to progressive matrix cracking, interfacial debonding and delamination.
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The SEM fracture morphology provided microstructural evidence supporting the observed
mechanical trends. The C2 fracture surfaces exhibited a comparatively more uniform and
tortuous morphology, indicating improved fibre matrix interaction and greater resistance to
straightforward crack propagation. At higher SiO, concentrations, localized particle-rich regions
and cavities were more evident, providing potential sites for stress concentration and premature
damage initiation. The EDS observations further confirmed the presence and concentration-
dependent distribution of silicon in the modified laminates, complementing the morphological
interpretation.

At the blade level, incorporation of the C2 material into the representative hydrokinetic turbine
blade model reduced the maximum reported stress from 76.4 to 67.8 MPa and the tip
displacement from 1.96 to 1.74 mm at a water velocity of 3.0 m/s, relative to C0O. These results
demonstrate that the improvements achieved at the coupon level can be translated into reduced
structural stress and deformation in a representative hydrokinetic blade configuration.

So overall the results demonstrate that 2 wt% SiO, is an effective concentration for enhancing
woven CFRP/epoxy laminates for hydrokinetic turbine blade applications within the investigated
range. The improvement is attributed to the combined effects of improved laminate
consolidation, enhanced fibre—matrix interaction, increased matrix constraint, improved
interlaminar load transfer and increased resistance to crack initiation and propagation. The
combined mechanical, thermo-mechanical, fatigue, morphological and blade-level results
establish C2 as the selected material formulation for the investigated hydrokinetic blade
application, providing an improved balance of strength, stiffness, thermal stability, fatigue

resistance and structural performance.

11. Data Availability

The study dataset comprises the formulation matrix, physical-property measurements,
mechanical-property  results, SEM/EDS  observations, FTIR/XRD characterization,
DMA/DSC/TGA/CTE results, fatigue data and blade-level numerical results used in this

manuscript.
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